Previous studies suggested that androgens augmented renal vascular responses to angiotensin II (Ang II). The protein kinase C (PKC)-CPI-17 pathway is involved in vascular constriction. We tested the hypothesis that this pathway may contribute to androgenic amplification of Ang II-renal vasoconstriction in the New Zealand genetically hypertensive (NZGH) rat.
Introduction
Animal and human studies have clearly shown gender differences in the development of hypertension. 4 When compared with females hypertension development is exaggerated in male spontaneously hypertensive rat (SHR), 10, 27 in male Dahl salt-sensitive rats, 3, 9 and in deoxycorticosterone þ salt (DOCA-salt) treated male rats. 2, 16 The relative contribution of androgens and estrogens to these gender differences remains controversial. 4, 25, 27 While a great deal of research has focused on the effects of estrogen, several observations suggest that testosterone may also amplify hypertension development. First, castration reduced hypertension development in the SHR, 7, 20, 27, 37 the DOCA-salt model, 2 and the Dahl salt-sensitive 3 rats. Second, testosterone replacement in castrated hypertensive rats reversed this antihypertensive effect of castration. 20, 27, 39 Third, treatment with androgen antagonists 7, 29 or treatments that reduced testosterone synthesis 5 mimicked the effects of castration. Thus, androgens appear to amplify the hypertensive process. Available data in humans are conflicting. 4, 17, 28 Since androgen concentrations decrease in males with ageing whereas cardiovascular disease increases, a protective effect of testosterone was suggested. 17 However, interpretation of such correlations is problematic since stress and disease lower plasma testosterone, 11 possibly as a compensatory mechanism. 28 Indeed, direct administration of testosterone induced hypertension in humans. 4 Thus, direct evidence implicates androgens in hypertension in humans. The mechanisms by which androgens amplify hypertension remain to be fully elucidated. Chronic exposure to physiological concentrations of testosterone increases vascular resistance. 38 These effects involve, at least in part, enhanced reactivity to constrictor agents. Testosterone increased vascular reactivity in coronary artery 13 and aorta 21 in animals and in men. 19 Conversely, castration reduced constrictor responses in rat kidney, 34 -36 whereas chronic testosterone treatment reversed these deficits. Androgen receptor antagonist treatment mimicked the effects of castration. 13 Thus, current data suggest that the long-term effects of testosterone increase vascular constrictor reactivity. The cellular mechanisms contributing to androgen amplification of vascular reactivity remain to be fully elucidated. Nevertheless, protein kinase C (PKC) represents an attractive possibility since PKC is a key regulator of vascular tone. 24 Increased PKC expression/activity was reported in hypertensive models, including the SHR, 1, 40 and DOCA-salt hypertensive rats. 41 Nevertheless, the effect of sex hormones on PKC function in vascular smooth muscle is less clear. Some data showed sexassociated differences in PKC activity/expression in vascular smooth muscle. 31 Phorbol ester-activated PKC induced greater vasoconstriction in male than in female rats. 25 However, the involvement of PKC-CPI-17 signalling in androgenic potentiation of renal vascular responses has not been resolved. Accordingly, we tested the hypothesis that androgens potentiate renal vascular resistance (RVR) responses, at least in part, via an effect on the PKC-CPI-17 signalling pathway. The specific aims were to test: (i) whether PKC inhibition affected androgen modulation of pressor and renal vascular responses to angiotensin II (Ang II) in vivo and (ii) whether manipulation of androgen status affected the expression of PKC isoforms or of their downstream effector, CPI-17.
Methods

Animals
Male New Zealand genetically hypertensive (NZGH) rats were obtained at 4 weeks of age and maintained on phytoestrogen-free diet (Harland Teklad 2016) and tap water. All protocols conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and approved by the Institutional Animal Care and Use Committee at the University of South Dakota. Each cohort of rats consisted of sham-operated, castrated, and castrated þ testosterone groups.
Castration and testosterone replacement
At 5 weeks of age, rats were subjected to sham operation (Sham) or castration or castration þ testosterone supplementation which we showed previously resulted in plasma testosterone concentrations similar to those of sham-operated NZGH. 35 
Haemodynamic assessment
At 16 -17 weeks of age, a cohort of rats was anaesthetized and instrumented with femoral arterial catheters. After 48 -72 h of recovery and training to the recording environment, mean arterial pressure (MAP) was measured from conscious rats in their home cages. 34 On the recording day, after approximately 60 min of acclimatization, MAP and HR were recorded for 60 min. MAP and HR measurements were taken from periods when the rats were calm. A separate cohort of rats was anaesthetized with Inactin (100 mg/kg, IP) and femoral artery and vein catheters were implanted for MAP measurement and Ang II infusion, respectively. A jugular vein catheter was inserted for infusion (3 mL/h) of saline or saline with chelerythrine, a PKC inhibitor, (Tocris, MO, USA). Left renal artery blood flow (RBF) was measured via an ultrasonic probe (Transonic) implanted on the left renal artery via a midline laparotomy. After stabilization (60 min), the rats received enalapril, an angiotensin-converting enzyme inhibitor, (1 mg/kg, IV) to inhibit endogenous Ang II production. After 25 -30 min to allow stabilization of the response to enalapril, MAP and RBF were measured during cumulative intravenous Ang II infusions (20, 40 , and 80 ng/kg/min) (20-30 min each dose). After recovery from Ang II (60 min), the rats were treated with chelerythrine (80 mg/kg/min infusion, IV). After 10 -20 min of stabilization, MAP and RBF responses to Ang II were repeated during the chelerythrine infusion. Since there were significant differences in kidney weight amongst the groups (Sham: 1.22 + 0.04 g; castrated: 1.07 + 0.02 g; castrated þ testosterone 1.18 + 0.04 g), RVR was calculated as MAP divided by RBF corrected to kidney weight.
mRNA and protein expression assessment
A separate cohort of NZGH rats (16 -17 weeks of age) was euthanized and the kidneys were harvested. One kidney was preserved with RNAlater (Ambion) for real-time RT -PCR, whereas the other was collected for western blot of renal cortex punches.
mRNA expression of PKC isoforms was assessed by real-time RT -PCR as described previously. 34 Pre-validated primers and probes directed toward the PKCa (Rn01496152_m1), PKCd (Rn00593117_g1), and PKC1 (Rn01769089_m1) were obtained via Assays-on-Demand (Applied Biosystems, Foster City, CA, USA). The threshold cycle (Ct) was determined for the target genes and for cyclophilin. These raw values were analysed with a modified DCt method using a data analysis program, qBase (version 1.2.2) (http ://medgen.ugent.be/qbase/) to obtain normalized relative quantification values.
Western blot
The tissue samples were homogenized in RIPA buffer and subjected to SDS -PAGE electrophoresis and western blotting as described previously. 34 Membranes were probed for proteins of interest using primary antibodies to PKCd (1:500, Abcam, MA, USA), PKC1 (1:500, Abcam), and CPI-17 (1:1000, Abcam). CPI-17 and phospho-CPI-17
were detected using rabbit anti-phospho-CPI-17 (Thr38) antibody (1:1000, Abcam). The protein bands were visualized using fluorescent secondary antibodies (Rockland) and were quantified by densitometric analysis software on the Odyssey Imager (LiCor Biosciences). b-Actin served as a loading control.
Statistical analysis
All values are the mean + SEM. One-way analysis of variance (ANOVA) was used to analyse real-time RT -PCR and western blot data. Two-factor ANOVA for repeated measures was used to analyse baseline values and dose -responses to Ang II. The grouping factors were surgery (levels: Sham, castrated, castrated þ testosterone) and treatment (levels: baseline values: prior to chelerythrine, recovery, chelerythrine; dose -response curves: Doses of Ang II). Post hoc comparisons were performed with Student Newman Keuls test (Graph Pad Software). Statistical significance was accepted at P , 0.05.
Results
Baseline values in conscious rats
Manipulation of androgens significantly affected baseline blood pressure (ANOVA P ¼ 0.037). Baseline MAP was higher in the sham-operated (183 + 6 mmHg) and castrated þ testosterone treated NZGH (179 + 4 mmHg) compared with castrated NZGH (163 + 5 mmHg). However, there were no significant differences in baseline heart rate values amongst the groups 
Baseline values in anaesthetized rats
The baseline MAP, RVR, and HR values after anaesthesia and inhibition of endogenous Ang II production by enalapril rats are shown in Table 1 . Two-way ANOVA failed to reveal an effect of surgery or treatment on MAP (surgery P ¼ 0.292; treatment P ¼ 0.786; interaction P ¼ 0.995) or HR (surgery P ¼ 0.896; treatment P ¼ 0.092; interaction P ¼ 0.563). Similarly, ANOVA revealed no main effect of surgery (P ¼ 0.171) on RVR. Thus, the Sham, castration, or castration þ testosterone interventions caused no significant differences in MAP, HR, or RVR. However, there was a significant main effect of treatment (P ¼ 0.001; interaction P ¼ 0.221) on RVR. Post hoc analysis revealed that RVR was increased slightly but significantly during the recovery and chelerythrine periods compared to baseline in the castrated þ testosterone group. However, there was no difference in RVR between the recovery and chelerythrine periods in any group.
Pressor and RVR responses to Ang II in anaesthetized rats
As shown in Figure 1A , cumulative infusions of Ang II increased MAP in each group. ANOVA revealed a significant effect of dose (P , 0.0001), surgery (P ¼ 0.003), and interaction (P ¼ 0.02). Castration significantly attenuated MAP responses to Ang II. Testosterone replacement in castrated NZGH significantly increased Ang II-induced MAP responses such that these responses were similar to those in sham-operated rats. Thus, testosterone treatment of castrated NZGH restored the pressor responses to Ang II. Ang II infusion caused a graded increase in RVR in each group (Figure 2A) . ANOVA revealed a significant effect of dose (P , 0.0001), surgery (P ¼ 0.0003), and interaction (P ¼ 0.0001). The RVR responses to Ang II in the sham group ranged between 123 + 3% and 237 + 19% over baseline. RVR responses to Ang II were significantly attenuated in male NZGH subjected to castration (100 + 8% to 161 + 9% over baseline). Testosterone replacement restored RVR responses to Ang II in castrated NZGH resulting in responses similar to sham-operated animals.
Chelerythrine infusion significantly attenuated pressor doseresponse curves to Ang II in each group as shown in Figure 1B . However, the inhibitory effect of chelerythrine was significantly greater in both sham-operated NZGH and castrated þ testosterone NZGH compared with the castrated rats such that the differences in dose-response curves amongst the androgen replete and castrated NZGH were reduced ( Figure 1B) .
A similar pattern was detected for the RVR responses to Ang II. Chelerythrine treatment significantly reduced renal vasoconstrictor dose-responses to Ang II ( Figure 2B ) and attenuated the differences in RVR dose-responses amongst the groups. Nevertheless, there remained a significant difference in the RVR response to Ang II at the lowest and middle doses. At the highest dose of Ang II, chelerythrine treatment largely abolished the differences between androgen-replete and androgen-deficient groups ( Figure 2B) dose-responses observed amongst androgen-replete and androgen-depleted NZGH.
mRNA expression of PKC isoforms
There were no significant differences in PKCa mRNA expression amongst the three groups ( Figure 3) . However, mRNA levels of PKCd and PKC1 were significantly decreased in castrated NZGH compared with sham-operated rats. The values of PKCd and PKC1 mRNA expression obtained in the castration with testosterone replacement group were not different from those obtained in the sham-operated group.
Western blot
Neither PKCd nor PKC1 protein expression was significantly affected by castration or by testosterone treatment of castrated NZGH ( Figure 4) . We also assessed the effect of manipulation of androgens on CPI-17, a downstream target of PKC. There was a significant decrease in both CPI-17 and phospho-CPI-17 levels in castrated NZGH compared with sham-operated NZGH ( Figure 5 ), whereas the values observed from the castration with testosterone replacement group were similar to that in the sham-operated group. 
Discussion
The current work tested the hypothesis that androgens potentiate RVR responses, at least in part, via an effect on the PKC-CPI-17 signalling pathway. The major findings include: (i) castration reduced the MAP and RVR responses to Ang II whereas testosterone treatment of castrated NZGH restored these responses.
(ii) Treatment with a PKC inhibitor, chelerythrine, attenuated the differences in MAP and RVR responsiveness to Ang II. (iii) mRNA expression of PKCd and PKC1 were significantly attenuated by castration but were restored by testosterone treatment. However, protein expression as assessed by western blot did not reveal any differences amongst the groups. (iv) Protein expression of CPI-17 and phospho-CPI-17 was decreased in castrated group compared with sham-operated group, whereas testosterone replacement in castrated rats reversed this effect. Taken together, these findings provide new evidence, suggesting that the PKC/CPI-17 pathway may contribute to androgenic potentiation of the pressor and renal vascular responses to Ang II in the NZGH. Current evidence supports the view that testosterone augments the development of hypertension in genetic models such as the SHR 5, 7, 20, 27, 37 and NZGH. 34 An increase in vascular constrictor activity may contribute to this effect. Chronic treatment with testosterone increased vascular resistance 38 and responsiveness to vasoconstrictor agents in animals 13, 21 and in humans. 19 Conversely, castration reduced constrictor responses in rat aorta 21 and kidney 34 -36 and reduced RVR in SHR. 6 Our current work is consistent with these data. We observed that early castration (5 weeks of age) markedly attenuated the pressor responses to Ang II in 16 to 17-week-old NZGH rats. Testosterone replacement therapy restored the pressor effects of Ang II to levels approximating those in sham-operated control NZGH. Thus, our current data are compatible with the view that the long-term effects of testosterone increase the pressor effect of Ang II.
In the present work, we focused on the kidney since increased renal vascular reactivity has been linked to the development and maintenance of hypertension. 12, 42 In particular, enhanced renal vascular reactivity to Ang II has been identified in the SHR 12, 14, 15, 42 and pre-hypertensive humans. 26 Our previous work also showed that castration of male hypertensive rats reduced renal vascular reactivity in the isolated perfused kidney 36 and intact rat. 34 The current findings are consistent with these data. Castration reduced Ang II-induced increases in RVR to approximately one-half of that observed in the sham-operated NZGH. Conversely, RVR responses to Ang II in testosterone treated castrated NZGH were not different from those observed in the sham-operated NZGH. Collectively, these data indicate that constrictor mechanisms in the renal vasculature are a target for androgen action in the kidney. The PKC pathway has been implicated in Ang II-induced renal vasoconstriction. 30 Current data concerning the influence of sex steroids on PKC function in vasculature are conflicting. Estrogen increased PKC isoform mRNA expression in rabbit aorta. 8 Conversely, estrogen downregulated PKC function in rat aorta whereas androgens had no effect. 25 We tested the involvement of PKC in functional studies using a selective PKC inhibitor, chelerythrine. As reported previously by others, 22, 30 chelerythrine attenuated the renal vasoconstrictor activity of Ang II. Although this effect was observed in all three groups in our study, the inhibitory effect of chelerythrine was much greater in the sham-operated NZGH and castrated NZGH treated with testosterone. These functional data suggest that the PKC signalling pathway contributes importantly to androgen potentiation of the renal vasoconstrictor activity of Ang II. PKCa, PKCd, and PKC1 are implicated in Ang II stimulation of vascular smooth muscle. 23, 24, 32 Accordingly, we assessed the effect of castration and testosterone supplementation on mRNA expression of the PKCa, PKCd, and PKC1. Castration was associated with a significant decrease in mRNA expression for PKCd and PKC1 compared with sham-operated NZGH. Testosterone treatment restored mRNA expression of these isoforms to levels observed in sham-operated NZGH. However, in contrast to the mRNA data, western blot failed to detect significant changes in the level of protein expression for PKCd and PKC1. Others showed that testosterone increased protein expression of PKCd in coronary vascular smooth muscle. 18 The reasons for these discrepancies are not immediately clear but may be related to differences in the source organs (heart vs. kidney) or in methodologies since we used kidney punches and Maddali 18 used coronary artery cells in cell culture. Nevertheless, our data are at least consistent with the possibility that androgens may exert offsetting transcriptional and posttranslational effects on PKC isoform expression. Vascular contraction is dependent on the extent of MLC phosphorylation, which is determined by the balance of MLC kinase and MLC phosphatase activities. 33 CPI-17 exerts an inhibitory effect on MLC phosphatase with consequent increases in MLC phosphorylation and vascular constriction. 33 The inhibitory effect of CPI-17 is increased more than 1000-fold upon the phosphorylation at Thr-38 by PKC. 43 Western blot analysis showed that CPI-17 and phospho-CPI-17 values were significantly lower in the castrated NZGH compared with the sham-operated group. On the other hand, testosterone treatment of castrated NZGH increased CPI-17 expression and, correspondingly, the phospho-CPI-17 values to levels comparable to the sham-operated NZGH. These findings suggest that androgens may modulate renal vascular reactivity to Ang II via an effect on CPI-17 expression and the amount of activated (phosphorylated) CPI-17. These effects may contribute to androgen modulation of renal vascular reactivity and hypertension. There were some limitations inherent to the design of this study. Castrations and testosterone treatments were done at 5 weeks of age, while testing was performed at 16 -17 weeks of age. Accordingly, the design precluded differentiation between the direct effects of testosterone and indirect effects mediated through androgenic effects on growth and development of, for example, blood vessels. 4 Thus, the effects we have observed may represent secondary or tertiary effects of testosterone. In addition, the direct acute actions of testosterone on Ang II responsiveness and PKC-CPI-17 signalling were not assessed in the present study.
Since acute administration of testosterone elicited vasodilation, 4 the acute actions of testosterone on renal vascular responsiveness and PKC signalling are likely quite different from those reported herein. Future work dissecting the critical time points, intermediary steps, and length of exposure for androgen action on angiotensin responsiveness and PKC signalling are necessary.
In conclusion, the findings of this study support the view that androgens amplify the development of genetic hypertension. One mechanism contributing to this effect may be enhancement of signalling through the PKC-CPI-17 pathway. Greater understanding of these mechanisms may lead to the development of new drug targets for the treatment of hypertension.
Supplementary material
Supplementary Material is available at Cardiovascular Research online. 
